Abstract-Permanent magnet linear synchronous motor (PMLSM), which has the advantages of simple structure, small volume, high force, is a research focus and difficulties because of the thrust ripple and control problems for PMLSM. In this paper, in order to reduce thrust ripple and improve system control performance, the space voltage vector pulse width modulation technology (SVPWM) was introduced into the directing force control (DFC) strategy of PMLSM. In the running process, the temperature of PMLSM will rise, which changes the resistance of the primary winding. Full consideration of the change of the resistance in the motor running process, the error between the flux observed value and the actual value was analyzed. And then a new flux dynamic compensation algorithm based on flux dynamic compensation was proposed. The novel dynamic compensator was built to improve the observation accuracy of the primary flux, which solved effectively the wrong voltage vector choice and the system control performance failure due to the error of the primary flux. The Simulation and test results show that the PMLSM DFC based on SVPWM and the flux dynamic compensation has better control performance.
I. INTRODUCTION
Linear motor with the advantages of simple structure, low noise, high precision, easy maintenance etc., directly implements linear motion without gears, chains, connecting rod and other intermediate conversion. So, linear motor has been widely used in transportation, industrial equipment, logistics, military, modern highprecision machine tools and other fields, gradually into people's daily life [1~4] .
Permanent magnet linear synchronous motor (PMLSM) combining the advantages of permanent magnet motor and linear motor. Direct force control (DFC) has advantages such as, clear thought control without complex coordinate transformation, small requirements for the motor parameters, strongly robustness, fast response, and so on. But the thrust ripple and the control effect non-ideal are the existing problems for DFC. How to reduce the speed and thrust fluctuations are the key application problems for the PMLSM DFC. Several factors result in the thrust ripple of PMLSM DFC. The discontinuous space voltage vector switching and the observation errors of primary flux are the important [5~8] .
In this paper, focused on the existing thrust ripple of the DFC, the SVPWM will be introduced into the PMLSM DFC. At the same time, full consideration of the motor running process with the rise of temperature, a new flux dynamic compensation algorithm is proposed. The dynamic compensator is built to improve the observation accuracy of the primary flux, which maybe cause the wrong choice for the voltage vector and result in the system control performance deterioration, even failure. The proposed flux dynamic compensator solves effectively the wrong voltage vector choice and the system control performance failure due to the error of the primary flux, improving the control performance.
II. SPACE VOLTAGE VECTOR PULSE WIDTH MODULATION

A. Principle Analysis of SVPWM
Space voltage vector pulse width modulation (SVPWM) technology looks the inverter and motor as a whole. Based on the concept of space vector, three phase power generated circular flux as a reference. Through the switch state's choice of the inverter produced the PWM waveform, the vertex along the circular trajectory in order to direct to control motor flux vector amplitude approximately constant, average speed can be adjusted, achieving the frequency conversion voltage control of the motor. If both the role of time equal to zero vectors, according to the total time constant principle gets the action time of two zero vectors. After the action time of each voltage vector determined, then the next is to determine the action order of each voltage vector, which has to follow the principle of switching frequency least. That is from a vector to another vector in the process, only one power device state changes, which can minimize the maximum deviation of each phase current vector. SVPWM has lots of advantages, such as effectively inhibit harmonic component, reduce the current waveform distortion, and greatly improve the utilization of DC voltage, and make the rotating magnetic field closing to circular, so as to achieve higher control performance.
B. SVPWM Simulation
The SVPWM simulation needs the judgment of the sector, the action time calculation, the distribution of the voltage vector, and the decision of the switching vector points, and so on.
It is known that SVPWM can be realized long as the two-dimensional static coordinate component u α and u β of the reference voltage vector u ref , and the calculation period of the PWM T s , where the half of the PWM period is T p .
So the SVPWM can be realized following the three steps. Firstly, the sector should be determined. Secondary, the synthesis of the action time of two adjacent vectors should be determined. Finally, the switching points of the vector T cm1 , T cm2 , and T cm3 should be calculated.
The simulation model of SVPWM shown in Figure 2 , mainly including the module of the judgment of the sector, the module of the X/Y/Z calculation, the module of the action time of T 1 and T 2 calculation, the module of the vector switching point, and the pulse generator module. Simulation of the SVPWM module, the simulation results were shown in the figures from Figure 3 to Figure  6 . Figure 3 is the simulation waveform of the sector N. Figure 4 shows simulation waveform of the vector action time. Figure 5 is a modulation waveform of the vector switching point T cm1 . Figure 6 shows pulse waveform of SVPWM. As the Figure 3 shown, the cycle of sector N is 2→3→1→5→4→6, and the work order of the corresponding sector is VI→I→II→III→IV→V. It can be seen from the Figure 5 , the modulation waveform T cmx (x=1, 2, 3) are three-phase saddle, so it has the advantages to optimize the PWM inverter.
III. DESIGN OF FLUX DYNAMIC COMPENSATOR
A. Presentation of Questions
In the conventional direct thrust control (DFC), using the voltage model, the primary flux observation equation is described as in (1) .
In (1), the primary winding resistance is used as the only motor parameters. Of course, the initial flux will also affect the precision of the flux observation. If the primary resistance remains constant, the observed flux values will be consistent with the actual value. In fact, the resistance will change along with the motor temperature and current frequency. Any change in resistance will bring integration error, flux value doesn't match with the actual value, may lead to the choice of error voltage vector, the system control performance degradation.
Making dR s as the incremental resistance value, and di s as the corresponding current increase, the actual value of the primary flux is described as in (2).
At present, many scholars regard the resistance in motor control as a constant value, but only as the current changes, and the resulting primary flux observer is in (3).
As shown in (3), resistance change is bound to affect flux observer accuracy, which is a non-negligible factor.
Recently, focused on the problem of the resistance identification on line, a lot of literature has proposed stator resistance identification programs, which generally can be divided into three categories. One is combined with the measurements of the flux or torque/thrust and the steady-state model motor to calculate the resistance value directly. One is using an adaptive observer to auto identify the resistance on line. One is the use of neural networks, fuzzy control, artificial intelligence techniques to identify the resistance.
Above three methods have each advantages and disadvantages. Because of the larger pulse of the stator current at the low speed, the parameters of conventional PI controller are difficult to determine, which haven't the self-adaptive. The limitation of adaptive estimation is to estimate the amount of value, but only unknown quantity, can't apply to time-varying signal. Identification method based on neural network easy to fall into local optimum, and the algorithm is complex and difficult to achieve.
Combination with the above analysis, if the primary resistance R s remains constant, the observed value and actual value of the flux are consistent. In fact, the resistance changes with the motor temperature and current frequency. Any resistance variation maybe brings integration error and the actual value of flux does not match with the observed value, which maybe lead to the error choice of the voltage vector and system control performance deterioration [13~15].
B. New Flux Dynamic Compensator Design
The variation of the resistance variation can be seen as the uncertainty of the system from the point of view of the control theory. For the actual uncertainty, whether it is linear, nonlinear, or no matter how complex, one point, which is self-satisfied or changing rate bounded, is basically satisfied. Based on this point, the design of a new flux dynamic compensator is designed, according to the advantages and disadvantages of the PI regulator and the adaptive observer.
The root cause about the inconsistent between the flux observations and the actual value is the resistance changed along with the motor temperature and current frequency in the motor running process, which is unknown process, resulting in the flux deviation from the desired value. In order to clarify the error of the mechanism, the error system will be analyzed firstly.
The ideal value of flux is ψ s * in (4) or (5).
The i s is the initial primary current value calculated according to a given flux and thrust value calculated.
The nominal value is defined as in (6).
In order to achieve the following equation
Equation (4) 
where, e(t) is the additional compensation, whose specific algorithm will be given in the following theorem.
Equation (8) and (6) 
In the control system, μ is as the uncertainty of the unknown disturbance, and e can be seen as the control input.
In order to inhibit the effect of the uncertainty μ on flux observer, the following dynamic compensator is structured.
From the above analysis, dynamic compensator block diagram is shown in Figure 7 .
− − Figure 7 . Structure schematic diagram of flux compensator.
C. Compensation Theorem and Proof
Based on the above analysis, the compensation theorem is described as follow.
For (10), there is the dynamic compensator as shown in (11), and the following equation can be got.
The above theorem can be proved. Making
, from, the following equation can be got.
If 
Taking λ>>ρ, then 
And then,
Even in the face of unexpected factors, the rate of change of μ increases abruptly. But as long as the μ and ξ are both bounded, for ρ ξ μ ≤ + as an example, from (23), the following equation can be got. 
D. Simulation of Compensator Flux Compensation
The simulation model is shown in Figure 8 . The sine signal is used to as the original e, and the [-0.3, 0.3] random signal is as the interference signal. The given flux is 0.2324Wb. The result is shown in Figure 9 . In the Figure 9 , the observation error is within 2% after compensation, having better effect, shown that the compensator is feasible to improve the PMLSM DFC.
The disturbance signal amplification to [-1, 1], again verify the performance of the compensator. Figure 10 shows the error curve. Figure 10 . Error curve when interference enlarged.
As Figure 10 shown, the observation error is within 5%. So the compensator shows a very strong robustness.
IV. EXPERIMENT
A. Experimental Platform
Compared with the direct force control (DFC) of hysteresis control, the flux dynamic compensation of SVPWM-DFC, canceled the flux and thrust hysteresis adjustment module and selection module of the switch table and increased the flux dynamic compensator, the primary flux reference vector, the calculation of reference voltage space vector, and the SVPWM module.
The motor control special chip TMS320LF2407A is used as the control core, writing control algorithm. And then the flat car driven testing device of non-salient pole PMLSM was self-developed, in order to test the control performance of the experimental prototype.
The experimental platform of the PMLSM DFC based on SVPWM and flux dynamic compensator is shown in Figure 11 . 
B. Driven and Control System based on DSP
The driven control system consists of DSP core controller TMS320LF2407A, rectifier filter circuit, inverter, gate drive and protection circuit, detection circuit of the current and voltage, serial communication circuit, encoder signal processing circuit, shown in Figure  12 .
The driven part supplies the motor with required power. The control part completes double-loop control with current and speed, and positive and negative control of PMLSM through programming.
Using a common PC, the control algorithm is programmed, and the parameters of the controller is changed, and so on.
The DSP core TMS320LF2407A completes control algorithms. PWM signal is generated by hardware. DSPdriven control system experiment hardware device is shown in Figure 13 . 
C. Experimental Prototype
The Experimental prototype is a self-developed flat PMLSM with long secondary and short primary type. The main technical parameters of the prototype are shown in Table I . 
D. Experimental Test System
The hardware of experimental test system mainly includes PC data acquisition device, A/D conversion board, voltage sensor, current sensor, pressure sensor, pulling force sensor, grating ruler, and so on. Figure 14 shows the block of the test system. Figure 15 shows the computer data acquisition system. 
E. Testing Set
In the Table II , the initial testing set, the rated load, and maximal load, are shown. Figure 16 and Figure 17 show the experimental results, including the flux linkage locus waveform, the thrust force waveform, the speed waveform, and A phase current waveform. In Figure 12 , the PMLSM starts at the load 150N, and then reduce the load to 100N at 0.8s. In figure 13 , the PMLSM starts at the load150N, and then to accelerate at 0.8s. As Figure 16 and Figure 17 shown, in the two cases of the PMLSM running process, there is a cyclical fluctuation in the primary flux path, which is similar to the circular. In the PMLSM starting with 150N load, the speed accelerates to the speed setting value 0.312m/s with 0.52m/s 2 acceleration, corresponding to the Phase A current about 7.54A. After entering the steady-state, the thrust force is almost 150N values in the vicinity of the load fluctuations, corresponding to the A Phase current about 5.66A. Although some fluctuations in speed, but always maintaining a constant. The waveform of the current is approximate the sine.
F. Experimental Results
In the process of load shedding and accelerating, from the point of view on the primary flux linkage locus, thrust variation, speed change, and current trends, the primary flux linkage locus has less fluctuation and closer to the circular. The response of the thrust force is fast and always following the given value. In the speed response curve, the disturbance of speed is obviously smaller when the sudden load reduction. The current curve is similar to the sine. Particularly, the current distortion has been significantly improved when the motor running state changed.
The experimental results show that SVPWM DFC in the PMLSM control based on the flux dynamic compensation is feasible. The flux dynamic compensation algorithm is correctness and useful to improve the dynamic performance of DFC, significantly reducing the fluctuation of the flux and thrust force, further improving the steady-state performance of the PMLSM DFC. 
